Summary Leaf-level studies of Metrosideros polymorpha Gaud. (Myrtaceae) canopy trees at both ends of a substrate age gradient in the Hawaiian Islands pointed to differential patterns of adjustment to both nutrient limitation and removal of this limitation by long-term (8-14 years) nitrogen (N), phosphorus (P) and N + P fertilizations. The two study sites were located at the same elevation, had similar annual precipitation, and supported forests dominated by M. polymorpha, but differed in the age of the underlying volcanic substrate, and in soil nutrient availability, with relatively low N at the young site (300 years, Thurston, Hawaii) and relatively low P at the oldest site (4,100,000 years, Kokee, Kauai). Within each site, responses to N and P fertilization were similar, regardless of the difference in soil N and P availability between sites. At the young substrate site, nutrient addition led to a larger mean leaf size (about 7.4 versus 4.8 cm 2 ), resulting in a larger canopy leaf surface area. Differences in foliar N and P content, chlorophyll concentrations and carboxylation capacity between the fertilized and control plots were small. At the old substrate site, nutrient addition led to an increase in photosynthetic rate per unit leaf surface area from 4.5 to 7.6 µmol m -2 s -1 , without a concomitant change in leaf size. At this site, leaves had substantially greater nutrient concentrations, chlorophyll content and carboxylation capacity in the fertilized plots than in the control plots. These contrasting acclimation responses to fertilization at the young and old sites led to significant increases in total carbon gain of M. polymorpha canopy trees at both sites. At the young substrate site, acclimation to fertilization was morphological, resulting in larger leaves, whereas at the old substrate site, physiological acclimation resulted in higher leaf carboxylation capacity and chlorophyll content.
Introduction
Limitation of plant productivity by nitrogen (N) or phosphorus (P), or both, is widespread in tropical regions. Phosphorus limitation tends to occur on old soils, whereas N limitation frequently occurs on young soils and on chronically disturbed sites (Vitousek and Howarth 1991) . Traits characterizing plants native to nutrient-limited environments include slow growth, low photosynthetic capacity, low rates of nutrient uptake, and reduced leaf size (Parsons 1968 , Grime 1977 , Chapin 1980 . Increased nutrient availability in nutrient-limited systems generally increases aboveground productivity. However, it is unclear whether this response is a result of increased leaf photosynthetic capacity or a shift in biomass allocation, thereby increasing the number of photosynthetic units. Moreover, it remains unclear how nutrient uptake and utilization are regulated in fertilized plots, or whether genetic constraints govern maximum nutrient utilization.
Relief of nutrient limitation may result in increased net CO2 assimilation. Several studies have reported correlations between soil N availability, photosynthetic capacity and total leaf N content. For example, Field and Mooney (1986) found a tight linear relationship between mass-based N and massbased rates of net photosynthesis over a wide range of C3 plants, suggesting that photosynthetic capacity is strongly regulated by leaf N and is not greatly influenced by growth form or species. Although foliar N concentration and its relationship with carbon gain and leaf traits have been well studied, little is known about the relationships between morphological, biochemical and physiological responses to P-limitation in a natural environment.
To compare the consequences and implications of nutrient limitation by N and P at the leaf level, we conducted a study at both ends of a long, substrate age gradient in the Hawaiian Islands. The sites in the chronosequence form a natural fertility gradient from young, primarily N-deficient soils to older, mostly P-deficient soils, but have similar climate, and species composition (Chadwick et al. 1999) . Furthermore, long-term forest fertilization treatments (8-14 years) are ongoing at both the young and old substrate ends of the chronosequence. Previous studies indicated that applications of N caused increased forest growth at the young substrate site (Vitousek et al. 1993) , and additions of P stimulated production at the oldest site . Our objectives were to characterize the leaf-level responses of Metrosideros polymorpha Gaud. (Myrtaceae), the dominant Hawaiian forest canopy species, to N and P limitation, and the effect of removal of this limitation on photosynthesis, leaf morphology and foliar nutrients and chlorophyll content. In addition, we evaluated stand-level consequences of changes in leaf characteristics.
Materials and methods

Study site
This study was conducted at both ends of a well-defined and constrained substrate age sequence in the Hawaiian Islands. The two extremes of the chronosequence selected for this study were 300 and 4,100,000 years old (Table 1) . Hawaii is an ideal location for studying processes at leaf, stand and ecosystem levels in the field because many of the environmental factors that regulate plant function can be kept constant, and others allowed to vary in well-defined ways (Britten 1962 , Vitousek et al. 1992 . Most of the parent materials of the soil have similar characteristics. The chemistry of the volcanic material that makes up Hawaii reflects that of a stationary convective plume or "hotspot" (Moore and Clague 1992) , and is relatively constant on both short and long time scales (Wright and Helz 1987) . The soils at the study sites have evolved from basaltic rock mixed with tephra and pumice substrate with similar initial chemistry; however, they differ in the age of the underlying substrate and in soil properties related to age. Soils at the young substrate site are little weathered and contain low amounts of N and P (Chadwick et al. 1999 ). Soils at the oldest site have lost most of their active minerals to weathering and leaching. These soils have little capacity to supply nutrients, particularly P, as well as little ability to retain recycled or added nutrients (Chadwick et al. 1999) .
Plant community composition in Hawaii can be held constant to a striking extent. Hawaii is the most isolated archipelago on Earth, and the few natural colonists that have become established have radiated to occupy a broad range of environments (Carlquist 1980) . The myrtaceous tree Metrosideros polymorpha, the dominant wet forest species, grows from sea level to 2500 m, from among the first woody colonists on young lava flows to the oldest substrates in the islands, and from 400 mm annual rainfall to one of the wettest places on Earth (Dawson and Stemmermann 1990) . Metrosideros polymorpha exists in several forms including the pubescent varieties incana and polymorpha and the glabrous variety glaberrima. The pubescent varieties make up~95% of the M. polymorpha at the young substrate site with M. polymorpha var. glaberrima making up the balance. Metrosideros polymorpha var. glabberima is the sole variety of Metrosideros at the old substrate site (Dawson and Stemmermann 1990) . Even though this species has radiated to occupy environments with different physical and climatic conditions, multiple species have not formed, probably because of the efficient long distance transport of wind-dispersed seeds and the small size of the islands. The forests at both study sites have similar species composition, with M. polymorpha making up more than 80% of the canopy trees.
Complete factorial fertilizations have been carried out in the 300 and 4.1 million-year-old substrate sites. The main treatments were control (no added fertilizer), N (100 kg ha -1 year -1 , half as urea and half as ammonium nitrate), P (100 kg ha -1 year -1 , triple superphosphate), and N plus P (100 kg N ha -1 year -1 + 100 kg P ha -1 year -1 ). The field design consists of four blocks of four 15 × 15 m plots at both the young (Thurston, Hawaii) and old (Kokee State Park, Kauai) substrate sites (Table 1) . We conducted intensive measurements in one plot of each of four treatments at both the young and old extremes of the gradient (Control, N, P and N + P). Treatment plots were located in a homogeneous forest stand with similar soil characteristics and slopes. Leaves from the upper canopy were accessed from 10-20-m scaffolding towers (1.6 × 3.2 m) placed in the center of one plot per treatment. At least four canopy trees per plot were accessible from each tower. To ensure adequate replication, sun leaves were collected with a shotgun from three additional plots per treatment that were not accessible by towers. Morphological information was obtained from these leaves (area, mass and leaf mass per unit area (LMA)), and mean values of all four plots per treatment were used for calculations of whole-leaf physiological and biochemical measurements. Photosynthetic gas exchange measurements were obtained only from plots with towers.
Photosynthetic gas exchange and chlorophyll content
Net CO 2 assimilation (A) was determined with a portable photosynthesis system (LI-6200, Li-Cor, Inc., Lincoln, NE (Kitayama et al. 1997) . To estimate both maximum rates of A, and the decline in A as leaves aged, four mature, recently expanded sun leaves, and four of the oldest non-necrotic leaves were measured on each of four trees per treatment. Gas exchange measurements were carried out between 0900 and 1500 h to insure detection of maximum rates. Measurements were repeated over a 3-day period during both July and January, to account for seasonal variations. In addition, A was measured as a function of intercellular CO 2 partial pressure (p i ) in attached leaves of field-grown plants with a CIRAS portable gas exchange system (PP Systems, Hitchin, U.K.) designed to allow one variable at a time to be changed in the cuvette, while the others remained constant. Three A-p i curves were obtained on each of three trees per treatment. For each A-p i curve, leaf temperature was held constant at 20-22°C, photon flux density at 1500 µmol m -2 s -1 , and vapor pressure difference between the leaf and air inside the cuvette was maintained at 0.5 kPa, while the cuvette CO 2 concentration was changed in steps from 50 to 400 Pa MPa -1 . The initial slope of the A-p i curve provides a measure of the carboxylation efficiency of the leaves (Farquhar et al 1980) . Chlorophyll concentrations were determined on three M. polymorpha leaf samples of three trees per treatment plot. Chlorophyll was extracted by homogenizing weighed, fresh leaf tissue in 80% acetone with a mortar and pestle. After removal of debris by centrifugation, chlorophyll extracts were diluted and scanned from 600 to 750 nm with a diode array spectrophotometer (Model 8452A, Hewlett-Packard Co., Waldbronn, Germany), after baseline corrections for the solvent. Chlorophyll content was calculated according to Mackinney (1941) .
Leaf nutrients and morphology
Five fully expanded sun leaves were collected from four trees per treatment plot. Area was determined with a leaf area meter (Delta-T Systems, Cambridge, U.K.). Leaves were oven-dried (70°C), and dry mass determined for calculation of leaf mass per unit area (LMA). In all of the replicate plots not accessible by canopy towers, leaves were collected with a shotgun (three replicates per treatment). For determination of foliar N and P concentrations, samples were ground in a ball mill, then digested with a persulfate-peroxide in a block digestor and analyzed colorimetrically for N and P with an Alpkem Auto analyzer (Alpkem Corp., College Station, TX).
Leaf area index and carbon gain
Vertical leaf area index (LAI) was estimated nondestructively with a plant canopy analyzer (LAI-2000, Li-Cor, Inc.). Three measurements were taken from each plot in the upper canopy (13.5 m from ground), mid-canopy (6.5 m from ground), and 1.5 m from ground level at the young substrate site, and from 10, 5 and 1.5 m, respectively, at the old substrate site. These measurements were repeated over a 3-day period. Mid-canopy measurements were taken above a distinctive sub-canopy of tree ferns (Cibotium spp.). Annual carbon gain per leaf was determined by averaging values of annual net assimilation of fully expanded sun leaves and the oldest non-necrotic leaves on the same branch. Canopy carbon gain was calculated as annual carbon gain multiplied by LAI (Küppers 1994 ) at the mid-canopy level above the distinctive, tree fern layer. The estimate of carbon gain assumes that all leaves receive the same amount of light or are under light-saturated conditions.
Statistical analysis
The MINITAB 10.5 statistical package (Minitab Inc., State College, PA) was used for statistical analysis. Foliar characteristics and physiological responses to fertilization were analyzed by linear regression and a one-way analysis of variance (ANOVA) by site. All data within a plot were initially analyzed with a one-way ANOVA by tree. Because no significant tree effect was observed in any of the analyses, all morphological and physiological data within a treatment plot were pooled to increase the degrees of freedom (i.e., n = 20 leaves per treatment rather than n = 4 trees per treatment). Tukey's multiple comparisons was used to evaluate the significance of treatments versus control at each site. Linear regressions reflect means of all leaves per tree (n = 4).
Results
Leaf morphological traits
Applied separately, N and P significantly increased leaf size and leaf mass of M. polymorpha trees at the young substrate site, whereas these traits were unaffected by nutrient addition at the old substrate site (Figures 1a and 1b) . At the young substrate site, leaf size increased from 4.8 cm 2 in the control plots to 7.4 cm 2 in the N-fertilized plots. When N and P were applied together at this site, leaf size and leaf mass also increased significantly compared with the control values, but the effects were not additive. The ratio of leaf mass to leaf area remained constant across treatment plots at the young substrate site, but decreased with P additions at the old substrate site (Figure 1c) . The LMA was about 20-40% greater at the young substrate site than at the old substrate site.
Addition of N or P alone did not significantly increase foliar N concentrations on a mass or leaf area basis at the young substrate site. However, there was a significant increase in N concentration of leaves in the N, P and N + P fertilized plots at the old substrate site ( Table 2) . Addition of P substantially increased P concentrations (%) of leaves at both sites (Table 2) . This result was especially striking at the old substrate site where addition of P increased foliar P concentration from 0.05 to 0.18%. Foliar N content (mg leaf -1 ) significantly increased in the N-fertilized plots at the young substrate site. Although N fertilization had no significant effect on foliar N content at the old substrate site, P additions significantly increased foliar P content at this site. Addition of N + P at both the young and old substrate sites increased foliar concentrations of N (relative to the addition of N or P alone).
Photosynthetic gas exchange
Effects of fertilization on net CO 2 assimilation (A) of M. polymorpha leaves differed between the young and old substrate sites, especially when compared on an area versus whole-leaf basis (Figures 2a and 2b) . Net CO 2 assimilation of M. polymorpha leaves from the control plot was substantially higher at the young substrate site than at the old substrate site (Figure 2) . After fertilization at the old substrate site, values of A were similar to those at the young substrate site (Figure 2a) . After fertilization at the young substrate site, A remained essentially constant on a leaf area basis, but increased significantly (P < 0.001) when calculated on a whole-leaf basis.
The initial slope of the A-p i curves measured on leaves from the young substrate site did not differ substantially across treatments (Table 3) . At the old substrate site, the initial slope of the A-pi curve (a non-invasive measurement of carboxylation capacity) was significantly greater in all of the fertilization treatments than in the control. For all treatments, the initial slopes of A-pi curves were steeper for trees at the young substrate site than at the old substrate site. The CO2 compensation point was essentially constant in all treatments at the young substrate site. Fertilization with N and P significantly increased the CO 2 compensation point at the old substrate site.
Net CO2 assimilation increased with foliar N concentration at the old substrate site when both were expressed on a mass basis (Figure 3a) . At the young substrate site, mass-based A was independent of foliar N concentration. Net CO2 assimilation expressed on a whole-leaf basis increased asymptotically with total N per leaf when data for both sites were combined (Figure 3b) . However, the range of variation in A associated with N differed between sites, with lower rates of net CO2 assimilation measured at the old substrate site than at the young substrate site (Figure 3b) . A significant linear increase in mass-based A with increasing foliar chlorophyll (chl) concentration was observed at the old substrate site but not at the young substrate site (Fig-Figure 1 . Effects of fertilization on leaf morphological characteristics of Metrosideros polymorpha at the young and old substrate sites: (a) leaf area; (b) leaf weight; and (c) leaf mass per area. Abbreviations: Control plots (C), N-fertilized (N), P-fertilized (P), and N + P fertilized (NP). Bars are means of 20 leaf samples per treatment ± SE (five leaves combined from four replicate plots). At the young substrate site, all fertilization effects were significant (P < 0.001) for leaf area and leaf mass, and nonsignificant for LMA. At the old substrate site no significant effects of fertilization were found for leaf area or leaf mass, but the N + P treatment significantly decreased LMA (P < 0.05). Table 2 . Effect of fertilization on foliar nutrients of Metrosideros polymorpha at the young and old substrate sites. All leaves were fully expanded and collected from full sun positions in the canopy. Leaves were collected from one plot with a tower and three replicate plots per treatment at both the young and old substrate sites. Values are means (± SE) of all leaves combined (five leaves per tree) from four trees per plot (n = 20). Significant effects of fertilization are indicated as: no asterisk = < 0.1, * = < 0.05, ** = < 0.01, and *** = < 0.001. . On a whole-leaf basis, A increased with increasing chl content up to 6 µg chl leaf -1 and then remained constant at higher chl contents (Figure 4b ).
LAI and carbon gain
Fertilization increased LAI at the young substrate site (Table 1). At the old substrate site, only the N + P fertilization treatment increased LAI. Different relationships between total N per leaf and foliar N concentration were observed at the young and old substrate sites (Figure 5a ). At the old substrate site, foliar N concentration ranged from 0.8 to 1.4%, but total N per leaf remained constant. In contrast, total N per leaf at the young substrate site varied substantially, whereas foliar N concentration exhibited a relatively small range of variation. Total canopy carbon gain (mean annual foliar carbon gain × LAI) increased with increasing total N per leaf at both the young and old substrate sites, but there was little overlap in canopy carbon gain between the two sites (Figure 5b At the young substrate site, fertilization had no significant effect on area-based assimilation, whereas all fertilization treatments had a significant effect on area-based assimilation (P < 0.001) at the old substrate site. All of the fertilization treatments significantly affected whole-leaf measurements of net CO 2 assimilation at the young substrate site (P < 0.001), and the old substrate site (N, P < 0.05), (P, N + P, P < 0.001). Table 3 . Parameters derived from the initial linear portion of A-p i curves for leaves of Metrosideros polymorpha trees growing in control and fertilized plots at the young and old substrate sites. Values are means of three curves from three trees per plot (n = 9). Significant effects of fertilization are indicated as: no asterisk = < 0.1, * = < 0.05, ** = < 0.01, and *** = < 0.001. Figure 3 . Relationships between net CO 2 assimilation and foliar N concentration and content of Metrosideros polymorpha based on measurements from our treatment plots at two sites. Each value represents a mean from five measurements taken from four trees per treatment plot ± SE (n = 4 per treatment). (a) Assimilation and foliar N measured on a mass basis; and (b) assimilation and foliar N expressed on a whole-leaf basis. A regression line was not fitted to the data from the young substrate site because the relationship was not significant at P < 0.05, at the old substrate site P < 0.05.
N-fertilized plot. At the old substrate site, total carbon gain increased from 13.7 mol m -2 year -1 (control) to 36.7 mol m -2 year -1 (N + P addition).
Discussion
Nutritional deficiency has usually been determined empirically by evaluating plant responses in terms of growth, reproductive effort or total carbon uptake to additions of the nutrient assumed to be limiting (Kimmins 1997) . It has generally been accepted that, although increased availability of nutrients to a nutrient-deficient plant initially increases its growth rate, foliar nutrient concentration may exhibit little change because of a dilution effect caused by increased carbon accumulation (Ulrich and Hill 1967) . When a condition of adequate nutrition is reached, or if some other nutrient or environmental factor becomes limiting to growth, uptake may continue and foliar nutrient concentration may start to increase. This picture has emerged from nutritional studies of crops and tree plantations, which usually require high amounts of nutrients to attain maximal growth rates. Native plants, and in particular native nonpioneer trees, are usually tolerant to nutrient deficiencies and tend to have relatively low growth rates. Therefore, responses of native plants to additions of limiting nutrients may differ from those of cultivated plants (Chapin 1987) . For example, although M. polymorpha responded positively to additions of both N and P separately, the responses were not additive when N and P were applied together. We found striking differences in the responses of M. polymorpha trees to nutrient additions at the young substrate site compared with the old substrate site. Increased nutrient availability at the young substrate site led to large increases in leaf size and weight, but negligible or very small increases in foliar N concentration. Although fertilization with N and P at the young substrate site has continued for more than 10 years, foliar N concentrations have never approached those observed in unfertilized plots at the 20,000-year-old Laupahoehoe site in Hawaii, where natural soil fertility is relatively high (Vitousek 1998) . In contrast, N and P additions at the old substrate site did not affect leaf size and mass, but caused significant increases in foliar N and P concentrations. Because of potential variation in nutrient and carbon allocation, the concentration of a particular nutrient in a particular tissue (e.g., leaves) cannot always be used as a direct indicator of plant nu- Figure 4. Relationships between net CO 2 assimilation and chlorophyll concentration and content of Metrosideros polymorpha based on measurements from four treatment plots at two sites. Each value represents a mean from four measurements taken from three trees per treatment plot ± SE (n = 3 per treatment). (a) Assimilation and chlorophyll measured on a mass basis. A regression line was not fitted to the data from the young substrate site because the relationship was not significant at P < 0.05, at the old substrate site P < 0.05. (b) Assimilation and chlorophyll expressed on a whole-leaf basis. The R 2 is based on a sigmoidal regression fitted to the data. Relationship between total carbon gain (annual carbon gain × LAI) and total leaf N content. Values were calculated from means obtained for four trees per treatment plot at both study sites ± SE. trient status. This was particularly evident in M. polymorpha at both study sites. Fertilization had no effect on leaf nutrient concentrations at the young substrate site, and at any leaf N concentration, total N content per leaf was one to two times higher at the young substrate site than at the old substrate site, as a result of increased leaf size. This finding suggests that fertilization altered the patterns of N and C allocation in leaves. For example, fertilization resulted in higher leaf C:N ratios at the young substrate site than at the old substrate site.
Mass-based net CO 2 assimilation did not increase at the young substrate site. Only whole-leaf CO 2 assimilation increased in response to nutrient addition as a result of increased leaf size. In contrast, increased nutrient availability at the old substrate site led to the expected pattern of increasing photosynthetic rates with increasing foliar N concentration (Field and Mooney 1986, Reich et al. 1997) . Consistent with the increases in nutrient concentration and photosynthetic rate, chlorophyll content and carboxylation capacity tended to increase with increasing N at the old substrate site. Increased N availability at the young site, on the other hand, resulted in negligible increases in chlorophyll concentration. Because the synthesis of chlorophyll is also inhibited by nitrogen deficiency, it is possible that despite long-term fertilization, chlorophyll synthesis is still limited by nitrogen availability at the young substrate site, or it has reached a maximum value according to the genetic constraints of the leaf.
Although the response of net CO 2 assimilation to fertilization differed between the two study sites, net CO 2 assimilation per leaf exhibited the same functional relationship with N content per leaf at both sites. That is, there was a rapid increase in total carbon gain per leaf at low foliar N and then a more gradual increase at higher foliar N. However, the operational ranges of leaf carbon gain differed in trees growing at the young and old substrate sites. The M. polymorpha leaves at the old substrate site had lower foliar N content and tended to have lower total carbon gain compared with leaves at the young substrate site. Consequently, we believe that it is appropriate to use total N per leaf in M. polymorpha as an index of total potential carbon gain because it increased at both sites in response to fertilization. The increase was brought about by an increase in leaf size at the young substrate site and by an increase in mass-based N with no change in leaf size at the old substrate site. These results exemplify the need to integrate instantaneous measurements of photosynthesis with leaf morphological characteristics to understand the effect of nutrient availability on total carbon gain. For example, Küppers (1994) demonstrated that, in two species of Eucalyptus having different growth and photosynthetic rates, the species with the lower photosynthetic rate had a higher growth rate apparently attributable to a higher LAI and lower LMA.
Fertilization increased LAI of trees at the young substrate site, leading to increased light interception and CO 2 acquisition and hence to an increase in total aboveground biomass. Our results are also consistent with stand-level measurements showing an increase in aboveground net primary productivity (calculated from stem diameter increments and litterfall production) associated with fertilization (R. Harrington, University of Massachusetts; unpublished data). The mechanisms promoting an increase in leaf surface area without increasing carboxylation capacity in response to fertilization at the N-limited site are unknown. Because M. polymorpha trees do not form a dense closed canopy like continental tropical forests, competition for light interception does not appear to be an important selective pressure, potentially allowing plasticity in leaf size.
Several factors may account for the different responses of M. polymorpha to fertilization at the two sites. Among these are genetic differences in the two M. polymorpha populations, and differences in soil properties such as compaction and water-holding capacity at the two sites. With respect to genetic differences, results from previous study of morphological and physiological differences in M. polymorpha across an altitude gradient suggest that patterns of foliar carbon allocation in response to long-term P limitation may have a strong genetic component (Cordell et al. 1998) . With respect to soil properties, foliar traits consistent with water conservation, such as small leaves, shorter leaf life span and less negative δ 13 C values have been observed at the old substrate site (data not shown), suggesting a dual water and nutrient limitation.
In conclusion, long-term fertilization enhanced productivity of M. polymorpha at both study sites, indicating that both sites have limited nutrient availability. Nevertheless, the mechanisms of response to addition of N and P differed between sites. At the young substrate site, increased nutrient availability resulted in large leaves with N and chlorophyll concentrations similar to those of unfertilized plants. Consequently, carboxylation capacity remained constant. Increased nutrient availability at the old substrate site, on the other hand, led to increases in photosynthetic rate per unit leaf surface area, carboxylation capacity and N and chlorophyll concentration, with no concomitant changes in leaf size. Thus, at the young substrate site, acclimation to fertilization was morphological, resulting in larger leaves, whereas at the old substrate site, physiological acclimation resulted in higher leaf carboxylation capacity and chlorophyll content.
